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We study the indirect constraints on the quartic Higgs self-coupling that arise from double-
Higgs production at future hadron colliders. To this purpose, we calculate the two-loop contri-
butions to the gg → hh amplitudes that involve a modified h4 vertex. Based on our results, we
estimate the reach of a pp collider operating at 27 TeV and 100 TeV centre-of-mass energy in
constraining the cubic and quartic Higgs self-couplings by measurements of double-Higgs and
triple-Higgs production in gluon-fusion.
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1 Introduction
In the standard model (SM) of elementary particle physics, the interactions involving the Higgs
boson take the following simple form
L ⊃ ∣∣∣DµH∣∣∣2 −∑
f
(
y f f¯LH fR + h.c.
)
− V , V = −µ |H|2 + λ |H|4 , (1.1)
where Dµ denotes the SU(2)L × U(1)Y covariant derivative, H is the Higgs doublet, the sub-
scripts L,R indicate the chirality of fermionic fields and y f are the so-called Yukawa couplings.
An obvious question that one may ask concerning (1.1) is: what is presently known about
the interactions of the Higgs boson? The ATLAS and CMS combination of the LHC Run-I Higgs
measurements [1] imply that the gauge-Higgs interactions, which are encoded by |DµH|2, agree
with the SM predictions at the level of 10%. The Yukawa interactions y f f¯LH fR + h.c., on the other
hand, have been tested with this accuracy only in the case of the tau lepton, while the constraints
on the top and bottom Yukawa couplings just reach the 20% level. Apart from the muon Yukawa
coupling, which is marginally constrained by the existing LHC data, first and second generation
Yukawa couplings are not directly probed at present. In the case of the Higgs potential V , the
vacuum expectation value (VEV) of H is known since the discovery of the W and Z bosons, while
the LHC discovery of a scalar with a mass of around 125 GeV tells us about the second derivative
of V around its VEV, because this quantity determines the Higgs mass. The h3 and h4 Higgs
self-interactions that result from (1.1) are in contrast essentially untested at the moment.
Given our limited knowledge of the properties of the discovered 125 GeV resonance, con-
straining or measuring as many of its so far poorly known or unknown couplings will be an impor-
tant part of any future high-energy programme. In the case of the Higgs self-couplings the most
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Figure 1. Left: Total production cross section for pp → h (red), pp → hh (blue) and pp → hhh (yellow)
as a function of
√
s. Right: Dependence of the cross section ratio σ(pp → h)/σ(pp → hh) (green) and
σ(pp → hh)/σ(pp → hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.
obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be offered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM prediction.
Motivated by the above observations, we apply in this work the general idea of testing the h3 in-
teraction indirectly [15, 28–39] to the case of the h4 vertex. Specifically, we consider the constraints
on the quartic Higgs self-coupling that future precision measurements of double-Higgs production
in gluon-fusion may provide. In order to determine the dependence of the gg → hh distributions
on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-loop amplitudes
and combine them with the exact O(α2s) matrix elements [5–7]. This allows us to predict the cross
section and various distributions for double-Higgs production at the next-to-leading order (NLO) in
QCD, including arbitrary modifications of the cubic and quartic Higgs self-couplings. We then per-
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form an exploratory study of the synergy and complementarity of double-Higgs and triple-Higgs
production in constraining the h3 and h4 interactions, considering both the HE-LHC and a FCC-pp
machine as an example. A similar analysis has very recently also been performed in [38]. For
completeness, we add that the indirect constraints on the quartic Higgs self-coupling that high-
energy e+e− machines may be able to set have been studied in [36, 37]. In these articles it has been
shown that future lepton colliders can in general only provide coarse bounds on possible modi-
fications of the h4 vertex, if one makes no assumption about how ultraviolet (UV) physics alters
the cubic and quartic Higgs self-interactions. We will compare our limits to those obtained in the
publications [36–38].
This article is structured as follows. In Section 2 we introduce our parameterisation of the
Higgs potential and discuss how the coefficients entering it are related to the Wilson coefficients
of two higher-dimensional operators of the SM effective field theory (SMEFT). The calculation
of the two-loop corrections to the gg → hh scattering amplitude resulting from a modified quartic
Higgs self-coupling is described in Section 3. In Section 4 we determine the hypothetical reach of a
27 TeV HE-LHC and a 100 TeV FCC-pp in constraining the cubic and quartic Higgs self-couplings
by measurements of double-Higgs and triple-Higgs production in gluon-fusion. Section 5 contains
our conclusions.
2 Preliminaries
After EW symmetry breaking, the cubic and quartic self-interactions of the Higgs field h can be
parameterised in a model-independent fashion by
V ⊃ κ3λvh3 + κ4 λ4 h
4 . (2.1)
Here λ = m2h/(2v
2) with mh ' 125 GeV the Higgs-boson mass and v ' 246 GeV the EW VEV.
Notice that the normalisation of the terms in (2.1) has been chosen such that within the SM one
has κ3 = κ4 = 1.
In the presence of physics beyond the SM (BSM) the coefficients κ3 and κ4 will in general
deviate from 1. As an illustrative example, let us consider the following two terms
LSMEFT ⊃ O6 + O8 = −λ c¯6v2 |H|
6 − λ c¯8
v4
|H|8 , (2.2)
in the SMEFT. In such a case the parameters κ3 and κ4 are related at tree level to the Wilson
coefficients c¯6 and c¯8 via
κ3 = 1 + ∆κ3 = 1 + c¯6 + 2c¯8 , κ4 = 1 + ∆κ4 = 1 + 6c¯6 + 16c¯8 . (2.3)
The relations (2.3) imply that if the dimension-six operator O6 represents the only numerically
relevant modification in the SMEFT, the shifts in the cubic and quartic Higgs self-couplings are
strongly correlated as they obey ∆κ4 = 6∆κ3. This correlation is, however, broken by the dimension-
eight contribution O8, if this operator receives a non-zero Wilson coefficient. Notice that the initial
conditions of the Wilson coefficients c¯6 and c¯8 can be found in any UV complete BSM model by
a suitable matching calculation. If the new interactions that lead to O6 and O8 are weakly coupled
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and the new-physics scale is in the TeV range, one expects on general grounds that c¯8  c¯6. The
Wilson coefficients c¯8 and c¯6 can however be of the same order of magnitude if the underlying UV
theory is strongly coupled and/or the new-physics scale is at (or not far above) the EW scale.
In our work we choose to be agnostic about how UV dynamics modifies the Higgs self-
interactions, and hence make no assumption about the actual size of c¯6 and c¯8. In this case, the
cubic and quartic Higgs self-couplings can deviate independently from the SM predictions. The
important point is now that even if ∆κ3 and ∆κ4 are treated as free parameters, quantum processes
such as gg → h or loop corrections to e+e− → hhZ can still be calculated consistently as long as
the SMEFT is used to perform the computations (see [28–33, 36–39] for non-trivial one-loop and
two-loop examples and further explanations). Since modifications in the cubic and quartic Higgs
self-coupling are most commonly parametrised by ∆κ3 and ∆κ4, we will also use this parameteri-
sation in what follows. We however emphasise that constraints on the latter parameters can always
be translated into bounds on the Wilson coefficients c¯6 and c¯8 by means of (2.3).
3 Calculation
The scattering amplitude describing the process g(p1) + g(p2)→ h(p3) + h(p4) can be written as
A (gg→ hh) = δa1a2 µ1 (p1) ν2(p2)Aµν , (3.1)
where a1 and a2 denote colour indices while 
µ
1 (p1) and 
ν
2(p2) are the polarisation vectors of the
two initial-state gluons. Using Lorentz symmetry, parity conservation and gauge invariance, one
can show that the amplitude tensorAµν that appears in (3.1) can be expressed in terms of two form
factors as follows
Aµν =
2∑
m=1
Tm µν Fm , (3.2)
where [40]
T1 µν = ηµν − p1 ν p2 µp1 · p2 ,
T2 µν = ηµν +
1
p2T (p1 · p2)
(
m2h p1 ν p2 µ − 2 (p1 · p3) p2 µ p3 ν
−2 (p2 · p3) p1 ν p3 µ + 2 (p1 · p2) p3 µ p3 ν
)
,
(3.3)
with ηµν = diag (1,−1,−1,−1) the Minkowski metric and pT denoting the Higgs transverse mo-
mentum. In terms of the partonic Mandelstam variables
sˆ = (p1 + p2)2 , tˆ = (p1 − p3)2 , uˆ = (p2 − p3)2 , (3.4)
one can write
p2T =
tˆ uˆ − m4h
sˆ
. (3.5)
Notice furthermore that p21 = p
2
2 = 0 while p
2
3 = p
2
4 = m
2
h and that the Mandelstam variables fulfill
the relation sˆ + tˆ + uˆ = 2m2h.
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Figure 2. Prototypes of two-loop Feynman diagrams with an insertion of an effective quartic Higgs self-
coupling (black square) that contribute to the process gg→ hh.
The form factors entering (3.2) are most conveniently extracted by using a projection proce-
dure. The appropriate projectors read (see [5] for example)
Pµν1 =
1
4 (d − 3)
[
(d − 2) T µν1 − (d − 4) T µν2
]
,
Pµν2 =
1
4 (d − 3)
[
− (d − 4) T µν1 + (d − 2) T µν2
]
,
(3.6)
where d = 4 − 2 denotes the number of space-time dimensions.
After applying the projectors (3.6) each of the two gg → hh form factors can be calculated
separately. Since the form factors are independent of the external polarisation vectors, all the
standard techniques employed in multi-loop computations can be applied. In practice, we proceed
in the following way. We generate the relevant two-loop Feynman diagrams with FeynArts [41].
Representative examples of two-loop graphs are shown in Figure 2. The projection onto form
factors as well as the colour and Dirac algebra is performed with the help of FORM [42]. The
resulting two-loop integrals are then evaluated numerically using the pySecDec [43–45] package.
Including all two-loop diagrams leads to UV-finite results for the form factors, and we have checked
that the double and single 1/ poles cancel to a relative accuracy of at least a permyriad for all
calculated phase-space points. Since in addition the quartic Higgs self-coupling does not result in
a finite one-loop correction of the Higgs wave function, it follows that the calculation of the O(κ4)
contributions to the gg→ hh form factors arising from the Feynman diagrams depicted in Figure 2
does not require renormalisation.
As a further check of our numerical results, we have performed a systematic expansion of the
two-loop form factors in the limit m2t  m2h, sˆ, tˆ, uˆ by employing the method of asymptotic expan-
sions (see [46] for a review and [39] an application in a similar context). Our analytic calculation
made use of MATAD [47], LiteRed [48], the tensor reduction procedures described in [49–51] and
the results of massive two-loop vacuum integrals first given in [52]. The agreement of the final
results in the limit sˆ < m2t between the two approaches serves as a non-trivial cross-check of our
numerical computations.
Using the results of our numerical two-loop calculation, we find that the O(κ4) corrections to
the two gg→ hh form factors that arise from the graphs shown in Figure 2 can be written as
∆F κ41,n =
αs
4pi
λ κ4
(4pi)2
y2t f (sˆ) , ∆F κ42,n = 0 . (3.7)
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Figure 3. Real part (left panel) and imaginary part (right panel) of the function f (sˆ) (upper row), g(sˆ) (mid-
dle row) and h(sˆ) (lower row) as introduced in (3.7), (3.9) and (3.11), respectively.
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Figure 4. Two-loop graph with an effective cubic and quartic (left diagram) and quintic (right diagram)
Higgs self-coupling that gives rise to gg → hh production. The effective interactions are indicated by black
squares. For further details consult the text.
Here αs = g2s/(4pi) is the strong coupling constant, yt =
√
2mt/v denotes the SM top-quark Yukawa
coupling and the subscript n indicates that the above corrections arise from non-factorisable two-
loop diagrams. Two features of the expressions (3.7) are worth emphasising. First, the correction to
the spin-0 form factor F1 depends only on sˆ but not on the other two Mandelstam variables tˆ, uˆ (or
the combination p2T introduced in (3.5)
)
. Second, the correction to the spin-2 form factor F2 turns
out to be identical to zero. The first feature is readily understood by noticing that the momentum
routing in the two diagrams in Figure 2 can be chosen such that the external momenta only enter
in the combination p1 + p2. Due to Lorentz invariance the corresponding Feynman integrals can
thus only depend on sˆ = (p1 + p2)2 = 2p1 · p2. The vanishing of the correction ∆F2,n to the spin-2
form factor follows for instance from the observation that the vertex h4 can effectively be generated
via the s-channel exchange of a heavy scalar S that interacts with the Higgs boson through a term
of the form S h2. As a result the graphs in Figure 2 are mathematically equivalent to the off-shell
production of a heavy CP-even spin-0 state that subsequently decays to hh. The corresponding
scattering amplitude has evidently no spin-2 component.
The real and imaginary parts of the function f (sˆ) that appears in (3.7) are depicted in the
upper row of Figure 3. The shown results correspond to mh = 125 GeV and mt = 173 GeV.
From the left panel one sees that the real part of f (sˆ) changes its slope at the top-quark threshold√
sˆ = 2mt ' 375 GeV and has a pronounced global maximum at
√
sˆ = 2 (mh + mt) ' 600 GeV.
As illustrated on the right-hand side and expected from the optical theorem, the imaginary part
of f (sˆ) instead vanishes at the threshold for double-Higgs production, i.e.
√
sˆ = 2mh ' 250 GeV.
It then decreases rapidly, developing a distinct minimum in the vicinity of
√
sˆ ' 400 GeV. We
will see in Section 4.2 that the non-trivial sˆ dependence of the real and imaginary parts of f (sˆ)
leads to distortions in the kinematic gg → hh distributions such as the invariant mass mhh of the
di-Higgs system.
Additional corrections to the gg → hh form factors (3.2) that are proportional to the self-
coupling modifier κ4 arise from the two types of Feynman diagrams displayed in Figure 4. Since
the operators O6 and O8 do not generate couplings between two Higgs and two would-be Gold-
stone fields only graphs with Higgs-boson exchange contribute to the class of diagrams with a cubic
and a quartic self-interaction. As a result this contribution is of O(κ3κ4). In the case of the graphs
with a quintic scalar self-coupling instead both Higgs and would-be Goldstone loops are present,
and this contribution turns out to be proportional to O(κ4). Besides the two-loop diagrams shown in
– 7 –
the latter figure one-loop counterterm contributions associated to the renormalisation of the Higgs
tadpole Th, its wave function Zh and its mass mh as well as corrections associated to operator renor-
malisation have to be included to obtain a gauge-invariant result. We perform the renormalisation
of Th, Zh and mh in the on-shell scheme, while the fine structure constant α is renormalised in the
so-called GF scheme (cf. [53] for a review of the renormalisation of the EW sector of the SM).
To guarantee that the Wilson coefficients or effective couplings obey the usual SMEFT renormal-
isation group equations [54], the operator renormalisation is performed in the MS scheme with
the renormalisation scale set to mh. Our renormalisation procedure therefore resembles the one
employed in the article [36] to which we relegate the interested reader for further technical details.
After renormalisation, we find that the O(κ3κ4) correction associated to the Feynman diagrams
of Figure 4 can be written as
∆F κ3κ41, f =
αs
4pi
λ κ3
λ κ4
(4pi)2
g(sˆ) . ∆F κ3κ42, f = 0 , (3.8)
where
g(sˆ) =
18 sˆ
sˆ − m2h
τt
[
1 + (1 − τt) arctan2
(
1√
τt − 1
)] [ √
1 − τh ln
( √
1 − τh + 1√
1 − τh − 1
)
+
2pi√
3
− 6
]
, (3.9)
and τa = 4m2a/sˆ with a = t, h and it is understood that τa → τa − i0 for analytic continuation. The
subscript f in (3.8) indicates that these corrections arise from two-loop diagrams that factorise into
two one-loop graphs. We add that the above result is identical to the one that one obtains if the
renormalised h3 vertex is defined via a subtraction at vanishing external momenta as done in [37].
Under the assumption that the operators O6 and O8 introduced in (2.2) represent the only
modifications of the effective one-loop h3 vertex, we find that the O(κ4) correction arising from the
graphs displayed in Figure 4 takes the following form
∆F κ41, f =
αs
4pi
λ κ4
(4pi)2
λ h(sˆ) . ∆F κ42, f = 0 , (3.10)
where
h(sˆ) = − 42 sˆ
sˆ − m2h
τt
[
1 + (1 − τt) arctan2
(
1√
τt − 1
)]
. (3.11)
We emphasise that the result (3.10) unlike (3.8) is model dependent. This model dependence arises
because ∆F κ41, f receives contributions from Feynman diagrams with quintic scalar self-interactions
such as the one shown on the right-hand side of Figure 4. The expressions given in (3.10) and (3.11)
correspond to a quintic Higgs self-interaction of the form V ⊃ κ5/v h5 with κ5 = λ (3c¯6 + 14c¯8).
Like in [38] other possible contributions to the coupling modifier κ5 such as those that arise for
instance from the higher-dimensional operator O10 = −λ c¯10/v6 |H|10 have instead been neglected
in our calculation of ∆F κ41, f . This should be contrasted with the analysis [37] where it has been
assumed that the contributions from higher-dimensional operators other than O6 and O8 are such
that the correction ∆F κ41, f effectively vanishes. Since (3.10) is compared to (3.7) parametrically
suppressed by a factor of λ/y2t ' 0.13 the resulting model dependence is however small.
The two panels in the middle and lower row of Figure 3 show the real and imaginary parts
of (3.9) and (3.11), respectively. One sees that the sˆ-dependence of both g(sˆ) and h(sˆ) is non-trivial
with extrema at
√
sˆ = 2mt ' 375 GeV and
√
sˆ = 2 (mh + mt) ' 600 GeV. The observed features
will again distort the kinematic distributions in gg→ hh production.
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4 Numerics
In this section we derive limits on the parameters ∆κ3 and ∆κ4 that describe possible modifications
of the cubic and quartic Higgs self-couplings with respect to the SM. We consider both double-
Higgs and triple-Higgs production at a 27 TeV HE-LHC with an integrated luminosity of 15 ab−1
as well as a 100 TeV FCC-pp collider assuming 30 ab−1 of data.
4.1 Inclusive double-Higgs and triple-Higgs production
We begin our study by presenting results for the relevant inclusive production cross sections. In the
case of double-Higgs production, we find the following expressions
σ (pp→ hh)HE-LHC = 131
[
1 − 0.73∆κ3 + 1.9 · 10−3∆κ4
+ 0.24 (∆κ3)2 + 4.9 · 10−4∆κ3∆κ4 + 2.7 · 10−5 (∆κ4)2
− 1.3 · 10−3 (∆κ3)2 ∆κ4 − 1.8 · 10−5∆κ3 (∆κ4)2
+ 8.8 · 10−6 (∆κ3)2 (∆κ4)2
]
fb ,
σ (pp→ hh)FCC-pp = 1151
[
1 − 0.76∆κ3 + 2.1 · 10−3∆κ4
+ 0.23 (∆κ3)2 + 6.1 · 10−4∆κ3∆κ4 + 3.1 · 10−5 (∆κ4)2
− 1.3 · 10−3 (∆κ3)2 ∆κ4 − 2.1 · 10−5∆κ3 (∆κ4)2
+ 8.9 · 10−6 (∆κ3)2 (∆κ4)2
]
fb .
(4.1)
These formulas have been obtained with a customised version of the POWHEG BOX [55] imple-
mentation of the NLO QCD calculation of double-Higgs production [5–7] using PDF4LHC15_nlo
parton distribution functions (PDFs) [56]. Our scale choice is µR = µF = mhh/2 with µR and µF
denoting the renormalisation and factorisation scale, respectively. As a cross-check we have also
derived similar expressions using MCFM [57] and MadGraph5_aMC@NLO [58], finding numerical
agreement between all results at leading order (LO) in QCD. We note that the SM cross sections
that follow from (4.1) agree with the central values of the NLO QCD results quoted in [5, 6, 8]
within a few percent. The observed small differences are in part due to a slightly different treat-
ment of αs in POWHEG BOX and the latter calculations.
In the case of triple-Higgs production, the dependence of the total production cross sections
on ∆κ3 and ∆κ4 instead takes the form
σ (pp→ hhh)HE-LHC = 0.44
[
1 − 0.79∆κ3 − 0.10∆κ4
+ 0.81 (∆κ3)2 − 0.16∆κ3∆κ4 + 1.6 · 10−2 (∆κ4)2
− 0.23 (∆κ3)3 + 4.5 · 10−2 (∆κ3)2 ∆κ4
+ 3.5 · 10−2 (∆κ3)4
]
fb ,
σ (pp→ hhh)FCC-pp = 5.1
[
1 − 0.67∆κ3 − 0.11∆κ4
+ 0.72 (∆κ3)2 − 0.14∆κ3∆κ4 + 1.6 · 10−2 (∆κ4)2
– 9 –
− 0.20 (∆κ3)3 + 4.0 · 10−2 (∆κ3)2 ∆κ4
+ 3.0 · 10−2 (∆κ3)4
]
fb . (4.2)
These expressions have been obtained at LO in QCD with the help of MadGraph5_aMC@NLO, taking
into account the NLO QCD corrections calculated in [9] in the form of an overall normalisation.
The used PDF set is again PDF4LHC15_nlo. We add that the ∆κ3 and ∆κ4 dependence of our
FCC-pp result as given in (4.2) agrees with a similar formula presented in [23] for the special
case ∆κ4 = 6∆κ3.
In order to estimate the precision of future hadron colliders in measuring the inclusive double-
Higgs production cross section, we consider the bb¯γγ final state. This channel has been identified in
the literature [4, 11, 17–20, 22] to lead to the best SM signal significance and the highest precision
in the measurement of the cubic Higgs self-coupling. At the 27 TeV HE-LHC with 15 ab−1 of inte-
grated luminosity the statistical precision of pp→ hh→ bb¯γγ is expected to be around 14% [17],
while at a 100 TeV FCC-pp collider with 30 ab−1 statistical uncertainties in the ballpark of 3%
are anticipated [4, 11, 17–20, 22]. Estimating the theoretical uncertainties on the prediction of
the signal and the systematic uncertainty on the overall determination of the background rates is
more difficult and necessarily has to rely on assumptions. The study of double-Higgs production at
approximate next-to-next-to-leading order (NNLO) in QCD [8] finds that the inclusive production
cross section at 27 TeV (100 TeV) is plagued by scale uncertainties of 2.6% (2.1%) and uncertain-
ties of 3.4% (4.6%) due to unknown top-quark mass effects. Given these numbers and envisioning
that the understanding of top-quark mass effects at NNLO QCD will be drastically improved in
the years to come, it seems not implausible that a total theoretical uncertainty on σ (pp→ hh) of
order 3% (2%) may ultimately be achievable at the HE-LHC (FCC-pp). A detailed analysis of the
systematic uncertainty on the overall determination of the SM background rates at a FCC-pp has
been performed in [4]. From the results presented in this work one can conclude that the experi-
mental systematic uncertainties may amount to only about 2%, making them subleading compared
to other sources of uncertainty. Treating all quoted uncertainties as uncorrelated Gaussian errors
then leads to total uncertainties of around 15% and 5% on the double-Higgs production cross sec-
tion at the HE-LHC and FCC-pp, respectively. The latter uncertainty estimates will be used in our
numerical analysis.
In the case of triple-Higgs production, pp → hhh → bb¯bb¯γγ is the channel that has ob-
tained the most attention [4, 20, 23–26]. Under optimistic assumptions about the detector perfor-
mance (see [4, 23] for details) these analyses concur that a 100 TeV FCC-pp collider with 30 ab−1
of data should be able to exclude triple-Higgs production cross sections that are larger by a factor
of 2 than the SM prediction. It may be possible to further improve this 95% CL upper limit by con-
sidering for instance the bb¯bb¯τ+τ− final state [27], but we will not entertain such a possibility here.
A sensitivity study of triple-Higgs production at the HE-LHC does to the best of our knowledge not
exist. To estimate the sensitivity that a measurement of triple-Higgs production in the bb¯bb¯γγ chan-
nel can achieve at a 27 TeV machine with 15 fb−1 of integrated luminosity, we proceed as follows.
We generate the dominant background channels, i.e. bb¯bb¯γγ and hhbb¯, as well as the triple-Higgs
signal at LO in QCD using MadGraph5_aMC@NLO. Our analysis follows the articles [4, 23] for what
concerns K-factors, systematic uncertainties, selection cuts and detector performances such as the
b-tagging efficiency and the jet-to-photon mis-identification rate. Based on our simulations, we
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Figure 5. Hypothetical constraints in the ∆κ3 –∆κ4 plane. The red and green contours correspond to the
allowed regions in parameter space that arise from double-Higgs and triple-Higgs production, respectively,
while the yellow regions are obtained by a combination of the two constraints requiring ∆χ2 = 5.99. In both
panels the SM is indicated by the black point and the black dashed line corresponds to ∆κ4 = 6∆κ3. The
results in the left (right) panel have been obtained by assuming that the double-Higgs production cross
section has been measured with an accuracy of 15% (5%) at the HE-LHC (FCC-pp). In the case of triple-
Higgs production, our projection is instead based on the assumption that cross section values that are larger
by a factor of 11 (2) than the SM value are experimentally disfavoured by the HE-LHC (FCC-pp) at 95% CL.
See text for further explanations.
expect 0.2 and 0.2 background events from the bb¯bb¯γγ and hhbb¯ channel, respectively, while for
the pp → hhh → bb¯bb¯γγ signal we predict 0.5 events within the SM. Using these numbers and
calculating the significance from a Poisson ratio of likelihoods modified to incorporate systematic
uncertainties on the background, we find that a 27 TeV HE-LHC with 15 ab−1 of data is expected
to exclude triple-Higgs production cross sections that are larger than the SM prediction by a factor
of approximately 11.
The two panels in Figure 5 display the expected exclusion sensitivity in the ∆κ3 –∆κ4 plane for
the 27 TeV HE-LHC (left) and a 100 TeV FCC-pp collider (right) with 15 ab−1 and 30 ab−1 of inte-
grated luminosity, respectively. The red and green curves illustrate the limits from measurements
of the double-Higgs and triple-Higgs production cross sections with the accuracy discussed above,
while the yellow regions are the ∆χ2 = 5.99 contours (corresponding to a 95% CL for a Gaus-
sian distribution) that derive from a combination of the two measurements in the form of a χ2 fit.
The SM point is indicated by the black dots. One observes that the constraints that arise from the
hypothetical measurements of double-Higgs production are bands that form ear-shaped exclusion
regions. The widths of the bands are determined by the accuracy of the associated measurement of
the inclusive pp → hh cross section, and as a result the band is narrower by a factor of around 3
for the FCC-pp than the HE-LHC. The shape of the constraints from triple-Higgs production in-
stead depends on whether a future hardron collider can set an O(10) or an O(1) bound on the cross
– 11 –
section. If, like in the case of the HE-LHC, only rough limits can be obtained the triple-Higgs
constraint has the form of a banana that extends along the ∆κ3 axis, while the allowed region turns
out to be oval-shaped, if a future hadron collider such as the FCC-pp is able to probe triple-Higgs
production cross sections at the SM level.
Combining the two constraints, two regions of parameter space remain viable at the HE-LHC
that are centred around {0, 0} and {3, 4}, respectively. In the case of κ3 = 1, we find that the range
κ4 ∈ [−21, 29] is allowed at 95% CL. Also notice that the family of solutions ∆κ3 = 6∆κ4 (dashed
black line) goes right through the non-SM region of viable parameters. This implies that measure-
ments of the inclusive double-Higgs and triple-Higgs production cross sections at the HE-LHC are
unlikely to be able to tell apart scenarios in which large modifications of both the h3 and h4 vertices
arise from the single operator O6 or the two operators O6 and O8 (cf. the discussion after (2.3)).
The FCC-pp should instead be able to disentangle these two possibilities since it is expected to
almost entirely rule out parameters choices in the ∆κ3 –∆κ4 plane that are located close to the
point {3, 4}. Large modifications of the quartic Higgs self-coupling could in such a case only arise
from the simultaneous presence of O6 and O8. One also sees that the allowed region around the
SM-point {0, 0} will be largely reduced at the FCC-pp compared to the HE-LHC. Numerically, the
following 95% CL range κ4 ∈ [−5, 14] is obtained under the assumption that κ3 = 1. The quoted
range agrees with the FCC-pp bound on the quartic Higgs self-coupling reported in [4].
Before discussing how modified cubic and quartic Higgs self-couplings impact the kinematic
distributions in double-Higgs production, we briefly comment on the maximal size that the param-
eters ∆κ3 and ∆κ4 may take. Under plausible assumptions about the UV structure of the Higgs
potential, it has been shown in [59] that values |∆κ3| . 4 are compatible with Higgs and EW pre-
cision measurements, direct LHC searches and vacuum stability. The corresponding limit on the
modifications of the quartic Higgs self-coupling reads |∆κ4| . 40, if one assumes hat there is a
parametric separation between the EW and new-physics scales, leading to a suppression of opera-
tors with dimension higher than six. The quoted upper bounds fall into the same ballpark than the
limits obtained in [36] from perturbativity considerations (see also [60, 61] for related discussions).
Since the mentioned theoretical bounds on the parameters ∆κ3 and ∆κ4 are neither sharp nor model
independent, we do not explicitly indicate them in Figures 5, 7 and 8 when reporting the results of
our phenomenological ∆χ2 fits in the ∆κ3 –∆κ4 plane.
4.2 Kinematic distributions in double-Higgs production
In the previous section we have seen that combining the information on the inclusive double-Higgs
and triple-Higgs production cross section may not be able to resolve all ambiguities in the ∆κ3
and ∆κ4 determination — a feature that is nicely illustrated by the left panel in Figure 5. It is
well-known [4, 11, 17–22] that precise measurements of differential distributions in double-Higgs
production can be used to resolve ambiguities and/or flat directions in the extraction of coupling
modifiers or Wilson coefficients, and in the following we will apply this general idea to the case of
a simultaneous determination of the cubic and quartic Higgs self-couplings.
In Figure 6 we depict the differential distributions of two relevant kinematic variables, namely
the invariant mass mhh of the di-Higgs system (upper row) and the leading transverse momentum
pT,h of the two Higgs bosons (lower row) in pp→ hh. The shown results are NLO accurate and, as
before, have been obtained with a modified version of POWHEG BOX using PDF4LHC15_nlo PDFs.
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Figure 6. Normalised predictions for the mhh (upper row) and the leading pT,h (lower row) spectrum in
pp → hh production at the 100 TeV FCC-pp. The black histograms represent the SM distributions, while
the coloured curves correspond to different choices of the Higgs boson self-coupling modifiers κ3 and κ4.
Consult the main text for additional details.
They assume pp collisions at a CM energy of 100 TeV. The coloured histograms represent the
four choices {κ3, κ4} = {0.7, 0}, {1, 60}, {1.05, 0}, {1,−30}. The former two parameter combinations
lead to enhancements of the inclusive pp → hh cross section by roughly 30% with respect to the
SM, while the latter two choices reduce the double-Higgs production rate by about −5%. Based on
measurements of σ (pp→ hh) the choices {0.7, 0} and {1, 60} ({1.05, 0} and {1,−30}) are therefore
not distinguishable. As can be seen from the four panels in Figure 6, the predictions for the nor-
malised mhh and pT,h spectra are however not the same for the two types of {κ3, κ4} sets. Since the
distortions in the pT,h distribution turn out to be typically smaller than those in the mhh spectrum,
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Figure 7. Hypothetical constraints in the ∆κ3 –∆κ4 plane following from a shape analysis of the mhh
spectrum in pp → hh production at the HE-LHC (left panel) and FCC-pp (right panel). The green (yellow)
contours correspond to 68% CL (95% CL) regions. In both figures the SM is indicated by the black point
and the black dashed line represents the family of solutions that satisfy ∆κ4 = 6∆κ3. For further details
consult the text.
we will use the latter kinematic observable in our shape analysis.
The signal needed to perform the shape analysis is generated at NLO in QCD with POWHEG BOX
matched to Pythia 8 [62, 63] to include parton-shower effects (we use a customised version of
the computer code presented in [7]). PDF4LHC15_nlo PDFs are employed and jets ( j) are re-
constructed with FastJet [64] using an anti-kt algorithm [65]. Our analysis then follows [17].
We demand two b-tagged jets (b) and two isolated photons (γ) with the following minimal cuts
on the transverse momentum, pseudorapidity and radius separation: pT,x > 30 GeV, |ηx| > 2.5 and
∆Rxy > 0.4 for x, y = j, b, γ. A flat b-tagging efficiency of 70%, and mis-tag rates of 15% for charm
quarks and 0.3% for light flavours are adopted. Events with more than three jets are vetoed, and the
requirements |mbb¯ −mh| < 25 GeV, |mγγ −mh| < 1 GeV and mhh > 400 GeV are imposed as a final
selection. The obtained mhh distributions have then been binned into bins of 25 GeV. Our shape fit
includes the statistical uncertainties in each bin as well as theoretical and experimental systematic
uncertainties of 3% (2%) and 2% (2%) at HE-LHC (FCC-pp), respectively. The quoted uncertain-
ties have been treated as uncorrelated Gaussian errors in the χ2 fit. We emphasise that our fit does
not consider the impact of backgrounds, but we have verified that with the described methodology
we are able to reproduce the CL-level curves presented in [17] for both the HE-LHC and FCC-pp
quite well. This agreement gives us confidence that our simplified approach is able to mimic the
more sophisticated analysis [17] that includes a simulation of all relevant SM backgrounds.
The results of our mhh shape analysis are shown in Figure 7. The green (yellow) regions are
the ∆χ2 = 2.28 (∆χ2 = 5.99) contours, corresponding to 68% CL (95% CL) limits for a Gaussian
distribution. In both panels the SM point is indicated by a black dot and the black dashed line illus-
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Figure 8. Hypothetical constraints in the ∆κ3 –∆κ4 plane following from a combination of a shape analysis
of the mhh spectrum in pp → hh production and a measurement of the inclusive production cross section of
pp → hhh. The green (yellow) contours correspond to 68% CL (95% CL) regions and the left (right) panel
shows the HE-LHC (FCC-pp) projections. The SM solution is indicated by the black point and the black
dashed line represents the parameter choices satisfying ∆κ4 = 6∆κ3. See text for additional details.
trates the equality ∆κ4 = 6∆κ3. From the panel on the left-hand side one sees that at the HE-LHC
a shape analysis of the mhh distribution in pp → hh will not allow one to exclude choices in the
∆κ3 –∆κ4 plane around {3, 4}, i.e. parameters that survive a combination of the measurements of the
inclusive double-Higgs and triple-Higgs production cross sections (see the left panel in Figure 5).
For κ3 = 1 we find the following 95% CL range κ4 ∈ [−82, 37]. As shown in the right panel in
Figure 7, at the FCC-pp the constraints in the ∆κ3 –∆κ4 plane that follow from a mhh shape analysis
are expected to improve noticeably compared to the corresponding HE-LHC limits. Differential
measurements of pp → hh at the FCC-pp alone will in consequence be able to distinguish sce-
narios in which large modifications of both the h3 and h4 interactions arise from the operator O6
or a combination of O6 and O8 (cf. the text after (2.3)). Assuming again that κ3 = 1, the 95% CL
range for the parameter κ4 reads κ4 ∈ [−22, 15]. Profiling over κ3 by means of the profile likeli-
hood ratio [66], we obtain the following 95% CL bound κ4 ∈ [−89, 159] and κ4 ∈ [−19, 21] at the
HE-LHC and the FCC-pp, respectively. Our FCC-pp constraints on κ4 are comparable to those that
have been derived in the analysis [38].
4.3 Global fit at the HE-LHC and a FCC-pp
The full potential of the HE-LHC and the FCC-pp in constraining simultaneously the coupling
modifications κ3 and κ4 can be assessed by combining the information on the differential measure-
ments of pp → hh with the expected accuracies in the determination of the inclusive pp → hhh
production cross section. The outcome of such an exercise is presented in Figure 8. Here the
green (yellow) contours correspond to 68% CL (95% CL) regions, while the black dots represent
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the SM point and the black dashed lines illustrate parameter choices of the form ∆κ4 = 6∆κ3.
Numerically, we find that for κ3 = 1, the 95% CL bounds on κ4 from a global analysis of dif-
ferential double-Higgs and inclusive triple-Higgs data at the HE-LHC (FCC-pp) is κ4 ∈ [−21, 27]
(κ4 ∈ [−5, 12]). Notice that these limits represent an improvement of the bounds derived in Sec-
tion 4.1 based on inclusive measurements alone. Profiling instead over κ3, the following 95% CL
bounds are obtained κ4 ∈ [−17, 26] and κ4 ∈ [−3, 13].
4.4 Comparison between sensitivities of future pp and e+e− machines
The constraints on the cubic and quartic Higgs self-couplings that high-energy e+e− machines may
be able to set have been studied recently in [36, 37]. Both articles have performed global fits
assuming various ILC and CLIC setups to determine the allowed modifications of the cubic and
quartic Higgs self-couplings. Under the assumption of κ3 = 1, the article [36] finds for instance for
an ILC with a CM energy of 500 GeV, polarisations of P(e−, e+) = (−0.8, 0.3) and an integrated
luminosity of 4 ab−1 (ILC-500) the following 95% CL bound κ4 ∈ [−11, 13]. At CLIC with a
CM energy of 3000 GeV, polarisations of P(e−, e+) = (−0.8, 0.0) and an integrated luminosity of
2 ab−1 (CLIC-3000) the corresponding limit is said to be κ4 ∈ [−5, 7]. The constraints presented
in [37] are less stringent than those obtained in [36]. Taking the limits given in [36] at face value
and comparing them to the bounds presented in the last subsection, suggests that the HE-LHC has
a weaker sensitivity to modifications of the quartic Higgs self-coupling than the ILC-500. On the
other hand, the FCC-pp reach seems to be better than that of the ILC-500, and roughly comparable
to the CLIC-3000 potential.
5 Conclusions
In this work, we have investigated the possibility to constrain the quartic Higgs self-interactions
indirectly through precise measurements of double-Higgs production at future hadron colliders.
We have first presented the results of a calculation of the two-loop contributions to the gg → hh
amplitudes that involve a modified h4 vertex. Our results have been obtained in numerical form with
the help of pySecDec [43–45] and have been implemented into POWHEG BOX [55]. Combining the
two-loop EW corrections calculated here with theO(α2s) matrix elements computed in [5–7], we are
able to predict the cross section and the most important distributions for double-Higgs production
at NLO in QCD, including arbitrary modifications of both the h3 and the h4 coupling.
Based on our results, we have then performed an exploratory study of the sensitivity of the
27 TeV HE-LHC and a 100 TeV FCC-pp in constraining simultaneously the cubic and quartic
Higgs self-couplings by measurements of double-Higgs and triple-Higgs production in gluon-
fusion. In a first step, we have considered only measurements of total rates. In the case of the
HE-LHC with 15 ab−1 of integrated luminosity, we have found that a combined fit to σ (pp→ hh)
and σ (pp→ hhh) will have a two-fold ambiguity in the κ3 –κ4 plane with a family of solutions
located either around {1, 1} or in the vicinity of {4, 5}. The resulting bounds on possible modifica-
tions of the quartic Higgs self-coupling turn out to be generically weak. For instance, for κ3 = 1
we found that κ4 values in the range κ4 ∈ [−21, 29] are allowed at 95% CL. Due to its significantly
improved sensitivity to triple-Higgs production, a FCC-pp with 30 ab−1 of data should be able to
resolve the aforementioned degeneracy by reducing the viable parameter space to a stripe in the
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κ3 –κ4 plane with SM-like cubic Higgs self-couplings. Numerically, we found that for κ3 = 1, the
range of κ4 ∈ [−5, 14] is allowed at 95% CL. Our limit agrees with the FCC-pp bound on the h4
coupling quoted in [4].
Given that precise measurements of differential distributions in double-Higgs production are
known [4, 11, 17–22] to be able to resolve degeneracies in the extraction of coupling modifiers or
Wilson coefficients, we have in a second step performed a shape analysis to determine the allowed
regions in the κ3 –κ4 plane. We have considered both the mhh spectrum and the leading pT,h dis-
tribution and found the former observable to have more discriminating power in a simultaneous
extraction of the cubic and quartic Higgs self-couplings. From our mhh shape analysis it follows
that at the HE-LHC with 15 ab−1 of data it should be possible to constrain κ4 to the 95% CL range
κ4 ∈ [−82, 37], if one assumes that κ3 = 1. The corresponding constraint at a FCC-pp with 30 ab−1
of integrated luminosity turns out to be κ4 ∈ [−22, 15]. The 95% CL bounds κ4 ∈ [−89, 159] and
κ4 ∈ [−19, 21] instead apply if one profiles over κ3. The obtained limits show that differential
measurements in the pp → hh channel alone are expected to lead compared to measurements of
the inclusive pp → hhh cross sections to notable weaker determinations of the quartic Higgs self-
coupling at both the HE-LHC and a FCC-pp. The same conclusion has been drawn in [38] for what
concerns the FCC-pp.
To assess the full potential of the HE-LHC and the FCC-pp in constraining simultaneously
the coupling modifiers κ3 and κ4, we have combined the differential measurements of pp → hh
with the inclusive measurements of pp → hhh. Our global analysis demonstrates that under the
assumption κ3 = 1, one can expect to obtain a 95% CL bound on κ4 at the HE-LHC (FCC-pp) of
κ4 ∈ [−21, 27] (κ4 ∈ [−5, 12]). By profiling over κ3, we arrived at κ4 ∈ [−17, 26] and κ4 ∈ [−3, 13].
The former bounds can be compared to the hypothetical constraints of the Higgs self-couplings
that high-energy e+e− machines might be able to set [36, 37]. For example, the ILC-500 (CLIC-
3000) is expected to be able to set the 95% CL bound κ4 ∈ [−11, 13] (κ4 ∈ [−5, 7]) [36], assuming
that κ3 = 1. These numbers indicate that the HE-LHC should have a weaker sensitivity to modified
quartic Higgs self-interactions than ILC-500. A FCC-pp and CLIC-3000 can, however, be expected
to have roughly similar potentials in constraining the coupling modifier κ4.
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